Acute ischaemic preconditioning (IPC) induces protection against cardiac ischaemia-reperfusion (IR) via post-translational modification of key proteins. Lysine (Lys) acetylation is an important regulator of protein function, but this type of modification has not been studied in the context of IPC. We investigated Lys acetylation in IPC and its upstream regulation by SIRT1.
Introduction
Cardiac ischaemic preconditioning (IPC) is a mild ischaemic stress which activates signalling pathways, leading to protection against longterm ischaemia and reperfusion (IR) injury. 1, 2 Two time windows of IPC protection exist: delayed IPC (24 -72 h), which is primarily mediated by gene regulation, 3 and acute IPC (0-3 h), which is thought to be mediated by protein post-translational modifications (PTMs). Mounting evidence supports roles for protein phosphorylation 4 and S-nitrosation 5, 6 in acute IPC, while another PTM, lysine (Lys) acetylation, is largely un-studied in this context. Recently protein (de)acetylation has emerged as an important PTM involved in many cell signalling pathways in several compartments. 7, 8 In the nucleus, class I/II histone deacetylases (HDACs) regulate gene expression via deacetylation of histones and other nuclear proteins. 8, 9 Interestingly, pharmacologic inhibition of class I/II HDACs is known to confer cardioprotection. 10, 11 In contrast, the class III HDACs may have an opposite role in protective signalling: these NAD + -dependent HDACs, also known as sirtuins (SIRTs), are thought to play important roles in the regulation of metabolism and apoptosis via deacetylation of cytosolic and mitochondrial enzymes. 12, 13 SIRT1 in particular initiates several signalling events relevant to cardioprotection, including: activation of endothelial nitric oxide synthase, 14 insulin receptor signalling, 15 and autophagy. 16 In addition SIRT1 activation elicits resistance to oxidative stress 17 via regulation of transcription factors and co-activators such as FOXO 1, 3, 4, [18] [19] [20] Hif-2a, 21 and NF-kB. 22 Although SIRT1 has previously been shown to confer protection in various models of cardiovascular oxidative stress, 17, 23, 24 the role of SIRT1 in IPC is unknown. Furthermore, the enzyme nicotinamide phosphoribosyltransferase (Nampt) is known to be an important regulator of SIRT activity by maintaining the availability of its substrate NAD + . 25, 26 However, the role of Nampt in IPC has also not been investigated. In the current study, we hypothesized that SIRT1 and Nampt play a role in IPC by regulating Lys acetylation of cardiac proteins. This hypothesis was tested using a pharmacological approach coupled with in vitro and in vivo models of IR injury and IPC.
Methods
For full methods see Supplementary material online. Male C57BL6 mice (20 -25 g) were purchased from Harlan (Indianapolis, IN, USA) and handled in accordance with a protocol approved by the University Committee on Animal Research (UCAR), and in accordance with the NIH Guide for the Care and Use of Laboratory animals (NIH Publication #85- 23, 1996) . Mice were housed under a 12 h light/dark cycle with food and water available ad libitum. Mouse hearts were subjected to Langendorff perfusion as previously described. 27 Mice were divided into seven groups: (i) IR (n ¼ 6); (ii) Splito-
Splitomicin is a specific SIRT1 inhibitor, 28, 29 FK866 is a specific Nampt inhibitor, 30 and SRT1720 is reported to be a SIRT1 activator. 31 Pharmacologic agents were delivered via a port above the aortic perfusion cannula, for 20 min prior to IR. In IPC treatments, agents were delivered 5 min prior to, and during each reperfusion cycle of, IPC. IR injury comprised 25 min index ischaemia plus 60 min reperfusion. IPC comprised 3 × 5 min cycles of ischaemia interspersed with 5 min reperfusion, prior to IR. Left ventricular pressure was monitored throughout by a balloon-linked transducer, and at the end of reperfusion infarct size was measured by 2,3,5-triphenyltetrazolium chloride (TTC) staining, using a modification of a previously described protocol 32 (see Supplementary material online).
In vivo IPC was performed by transient occlusion of the left anterior descending (LAD) coronary artery, in tribromoethanol-anesthetized, intubated mice, as described previously. 32 Mice were divided into two groups:
. At the end of surgical protocols, tissue was either harvested immediately (n ¼ 5) or mice were allowed to recover for 24 h (n ¼ 5) and then tissue was harvested. Cardiac tissue fractionation was performed by differential centrifugation using established methods. 33 The area-at-risk (AAR) was delineated from the area-not-at-risk (ANAR) by visualization of pallor upon transient LAD occlusion, immediately prior to tissue dissection. For delayed IPC in vivo, the suture used to induce IPC (3 × 5 min cycles) was left in place un-occluded for 24 h, thereby allowing transient re-occlusion to ascertain the AAR for dissection. An isolated cardiomyocyte model was also developed (see Supplementary material online). SIRT1, p53, K 379 Ac-p53, and global protein acetylation, were all analysed by western blotting 34 in a subset of perfused and in vivo hearts (n ¼ 5). For p53 and K 379 Ac-p53 blots, lysis buffers contained Trichostatin A to inhibit class I/II HDACs. Samples were separated by SDS-PAGE and electro-blotted to nitrocellulose. Membranes were blocked with 5% non-fat dry milk in TBST. Primary antibodies were anti-SIRT1 (Abcam, Cambridge, MA, USA) at 1/1000 dilution in blocking buffer, or anti-K-Ac (Cell Signalling, Danvers, MA, USA) at 1/1000 in blocking buffer. Samples were also run on two-dimensional (2D) gels (pH gradient 3 -10), as previously described.
32
SIRT1 proteins were immunoprecipitated from the whole heart homogenate using monoclonal anti-SIRT1 antibodies similar to previously published protocols. 35 Immunoprecipitated samples or whole extracts (input)
were separated by SDS -PAGE as above, and blotted using anti-SIRT1, anti-Phospho Ser/Thr/Tyr (AnaSpec Inc., San Jose, CA, USA), anti-K-Ac, anti-SUMO2/3 (ABGENT, San Diego, CA), or anti-SUMO1 (Invitrogen, Carlsbad, CA, USA) antibodies, all at 1/1000 dilution. All blots were developed with HRP-linked anti-mouse or anti-rabbit secondaries, and enhanced chemiluminescence. Densitometry was performed on western blots using NIH Image software. For single proteins (e.g. SIRT, p53) density of the appropriate band was determined. For full-length western blots (e.g. global Lys acetylation), total density for all bands in a given molecular weight range was determined. Comparison between two densitometry values was always performed on the same physical western blot. Statistical significance of single parameters between two groups was determined using Student's t-test (paired, where appropriate). Significance between multiple groups was determined using multiple way analysis of variance (ANOVA).
Results
Protein acetylation was analysed by western blotting in fractionated cardiac tissue from perfused hearts exposed to control perfusion or acute IPC. Figure 1A shows that acute IPC caused a significant Figure 1 Protein acetylation during IPC in perfused and in vivo mouse heart. (A) Mouse hearts were subjected to either control perfusion (Ctrl.) or IPC (without subsequent IR injury) followed by immediate tissue fractionation. (B) Mice were subjected to in vivo IPC (without subsequent IR injury). The AAR was separated from the ANAR followed by tissue fractionation. In both panels, protein fractions were separated by SDS -PAGE and K-Ac visualized by western blot. Representative blots for cytosolic fractions are shown, with other cell fractions in Supplementary material online, Figure S1 . Molecular weight markers (kDa) are to the left of blots. Arrows highlight differences in protein acetylation between control and IPC groups. Panels below show densitometry in the range 25 -100 kDa, normalized to protein across the same molecular weight range (representative Ponceau S stained membranes are in Supplementary material online, Figure S1 ). Each pair of data points connected by a line represents a single experiment. The ratio of K-Ac/Protein was calculated and presented for each individual experiment. *P , 0.05 (paired Student's t-test) between control and IPC groups, n ≥ 5. deacetylation of proteins in the cytosolic fraction. In vivo acute IPC elicited similar effects: western blots of IPC-exposed cardiac cytosol revealed marked deacetylation of several proteins in the AAR compared with ANAR ( Figure 1B) . Densitometry (typical profiles are shown in Supplementary material online, Figure S1C and D) revealed significant differences in acetylation in IPC across a broad molecular weight range, although variability between animals was seen at the level of individual bands. The identity of deacetylated proteins is not known, due to the inherent limitations of applying protein ID to bands cut from 1D gels, hence we chose to run 2D gels for protein ID purposes.
Analysis of other cell fractions (homogenate, nucleus, mitochondria) on 1D gels did not reveal changes in Lys acetylation in IPC (see Supplementary material online, Figure S1 ). Analysis of 2D gels both recapitulated the 1D gel result for cytosol, and also revealed small changes in Lys acetylation in mitochondria in IPC (see Supplementary material online, Figure S2 ). Whereas mitochondrial acetylation changed in both directions in IPC, cytosolic acetylation changes were unidirectional (decreased only) and were more robust (i.e. visible on a 1D gel alone). These characteristics prompted us to focus the current study on the origin of IPC-induced changes in cytosolic acetylation, with acetylation in other fractions being the subject of future and ongoing studies.
One potential cause of the decreased density on K-Ac western blots in IPC cytosol could be translocation of acetylated proteins between the cytosol and other cell fractions. Such translocation events are known to occur in IPC. 36 -40 However, 2D gels (see Supplementary material online, Figure S2 ) showed that spots which were lost from cytosol in IPC did not appear in mitochondria, and vice versa, suggesting that translocation between these fractions unlikely accounts for the observed changes in K-Ac western blots (see also data w.r.t. splitomicin, below). Furthermore, 2D gels on homogenates revealed several changes in Lys acetylation in IPC (see Supplementary material online, Figure S3 ), which clearly cannot be due to translocation, since the material analysed contains all cell fractions. Notably, not all deacetylation events seen in cell fractions were visible on the homogenate 2D gels, likely due to the limited loading capacity of IPG strips, which excludes less soluble proteins. This highlights the importance of cell fractionation and 2D gels, to identify low abundance (de)acetylated proteins in more detail.
The role of sirtuins in protein deacetylation, 13 coupled with recent interest in SIRT1 protection against oxidative stress, 17 encouraged us . Homogenates from AAR and ANAR of hearts exposed to IPC in vivo were also blotted. The ratio of Ac p53/p53 was calculated by densitometry and is shown below the blots (mean + SEM, n ≥ 3). *P , 0.05 (paired Student's t-test) between control and IPC. (B) Homogenates from perfused hearts were obtained as described above, and western blotted for SIRT1 (upper panel) or actin (lower panel). Where indicated, the proteasome inhibitor MG132 was present during sample preparation. The ratio of SIRT1/actin was calculated by densitometry and is shown below the blots (mean + SEM, n ≥ 4). (C) Mice were subjected to IPC in vivo, and heart tissue harvested from the AAR or ANAR either immediately (i.e. acute IPC), or 24 h later (i.e. delayed IPC). Heart homogenate was western blotted for SIRT1 (upper panel) or actin (lower panel). The ratio of SIRT1/ actin was calculated by densitometry and is shown below the blots (mean + SEM, n ≥ 4). This SIRT1 antibody yields two bands on a western blot, and the literature consensus is that the upper band is SIRT1 whereas the lower is of unknown origin. 66 Loading controls (representative Ponceau S stained membranes) for all blots are shown in Supplementary material online, Figure S5 .
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to examine whether SIRT1 may play a role in the deacetylation in IPC. Consistent with increased SIRT1 activity in IPC, the SIRT1 substrate K 379 of p53 41 -43 was deacetylated by acute IPC, in both perfused heart and in vivo systems (Figure 2A) . The mechanism of increased SIRT1 activity in IPC was next examined. Figure 2B shows that SIRT1 protein did not change in acute IPC in perfused hearts. Furthermore, the proteasome inhibitor MG-132 44 did not affect SIRT1 levels, indicating no role for proteasomal degradation in regulating SIRT1 in this system. To investigate whether SIRT1 may be regulated by delayed IPC, SIRT1 protein level was also analysed in in vivo mouse models of both acute and delayed IPC. Figure 2C shows that in both cases SIRT1 protein level was not altered. Furthermore, no alterations in SIRT1 level were observed when IPC-exposed heart was fractionated into nuclear and cytosolic fractions (see Supplementary material online, Figure S4 ). Thus, increases in SIRT1 protein do not appear to underlie increased SIRT1 activity in IPC. Although protein levels of SIRT1 were not altered in IPC, SIRT1 activity may still be regulated by PTM. Previously, SIRT1 has been shown to be phosphorylated 45 and SUMOylated, 46 and notably SUMOylation is enhanced in neuronal IPC. 47 As shown in Figure 3 , immunoprecipitation of SIRT1 followed by western blotting found no evidence for modification of SIRT1 by phosphorylation, acetylation, or SUMO2/3. However, SIRT1 did appear to be modified by SUMO1 during IPC in the perfused heart ( Figure 3A ) and in vivo ( Figure 3B ). The observation of an increase in SIRT1 activity, concurrent with Lys deacetylation in IPC (Figures 1 and 2 , see Supplementary material online, Figures S2 and S3) , led us to hypothesize that the former may be responsible for the latter. To test this, Lys acetylation was examined in cytosol from hearts subjected to various perfusion protocols, with infusion of the specific SIRT1 inhibitor splitomicin. Figure 4 shows that splitomicin treatment inhibited IPC-induced cytosolic Lys deacetylation, but did not significantly affect (de)acetylation in control hearts. These data suggest that a splitomicin-sensitive target (presumably SIRT1) is responsible for Lys deacetylation in IPC, but does not regulate acetylation under control conditions. The ability of splitomicin to inhibit IPC-induced Lys acetylation is also consistent with the notion that observed changes in acetylation are not caused by protein translocation during IPC (vide supra). Splitomicin is a popular inhibitor of protein deacetylation, but has no reported effect on protein localization. An isolated cardiomyocyte model of IPC was also developed, and yielded similar results to those seen in intact hearts; IPC led to deacetylation of cytosolic proteins, in a manner that was inhibited by splitomicin (see Supplementary material online, Figure S8 ). This suggests that the IPC-induced, splitomicin-sensitive deacetylation event seen in whole hearts originates at the level of cardiomyocytes, and not another cell type (e.g. endothelium). This result is consistent with a previous observation that the SIRT1 protein level is up-regulated in isolated cardiomyocytes by exposure to hypoxia 48.
Recently, Nampt has been identified as an important regulator of SIRT1 activity, by maintaining the availability of its substrate NAD + . 25 ,26 Thus, we tested the effect of the specific Nampt inhibitor FK-866 on Lys acetylation in IPC. Figure 4 shows that, similar to splitomicin, FK-866 reversed IPC-mediated deacetylation of cytosolic proteins, while having no effect on acetylation under control conditions. The effects of splitomicin and FK-866 on IPC-induced deacetylation prompted an investigation into the role of SIRT1 in the mechanism of IPC-mediated cardioprotection. As shown in Figure 5 and 6 is as detailed for (A) . In both panels, numbers to the left are molecular weight markers (kDa). Blots are representative of at least two independent immunoprecipitation experiments in the in vitro or in vivo condition. The ratio of SUMO1/Sirt1 was calculated and is shown below the blots (mean + standard deviation). *P , 0.05 (Student's t-test) between control and IPC. Loading controls (representative Ponceau S stained membranes) for all blots in are shown in Supplementary material online, Figure S6 .
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Supplementary material online, Figure S10 , treatment of perfused hearts with splitomicin or FK-866 mitigated the protective effects of IPC both at the level of functional recovery (rate-pressure product) and infarct size. Furthermore, neither splitomicin nor FK-866 enhanced IR injury (in fact FK-866 was even slightly cardioprotective), suggesting that these compounds did not impact IPC by inducing secondary pathology. We also confirmed these results in isolated cardiomyocytes; Supplementary material online, Figure S8 shows that IPC protection against IR was prevented by splitomicin. Together these data support a role for Nampt/SIRT1-mediated Lys deacetylation in endogenous cardioprotection by acute IPC.
Discussion
The main findings of this investigation are: (i) cytosolic protein deacetylation occurs in IPC; (ii) SIRT1 activity is increased in IPC, but SIRT1 protein levels do not change; (iii) SIRT1 SUMOylation occurs in IPC; (vi) Inhibition of either SIRT1 or Nampt inhibits both IPC-mediated deacetylation and IPC cardioprotection. Together these data suggest that during IPC, deacetylation of cardiomyocyte cytosolic proteins is likely mediated by SIRT1, and this process may play a role in the mechanism of IPC signalling. Representative blot is shown, numbers to the left are molecular weight markers (kDa). Densitometry was performed in the range 25 -100 kDa, normalized to protein across the same molecular weight range (representative Ponceau S stained membrane is shown in Supplementary material online, Figure S7 ). The ratio of K-Ac/Protein was calculated and is shown below the blots (mean + SEM, n ≥ 5). *P , 0.05 (ANOVA) between the indicated group and all other groups.
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Additional studies in our laboratory showed that infusion of the SIRT1 activator molecule SRT1720 alone did not elicit cardioprotection (see Supplementary material online, Figure S9 ), suggesting that SIRT1 may be necessary but not sufficient for IPC cardioprotection. However, the recent discovery that SRT1720 and related molecules may not be specific SIRT1 activators 49 somewhat clouds interpretation of these data. Whereas resveratrol is known to elicit cardioprotection, 50 ,51 the role of SIRTs in this process is controversial in light of recent reports that resveratrol is not a direct SIRT1 activator. 52 The sirtuin field has recently been plagued by such reports of reagent nonspecificity, including criticism of a widely used fluorescent SIRT1 activity assay. 49, 53 The assay utilized herein (p53 K 379 deacetylation)
is specific for SIRT1, 41 -43 but overall, these findings highlight the need for better tools to investigate this intriguing family of proteins. Several proteins implicated in cardioprotective signalling have been identified as substrates for SIRT1-mediated deacetylation, including: eNOS, 14 IRS-1, 15 PARP-1, 54 autophagy, 16 and HIF-2a. 21 The role of each of these proteins in mediating the downstream effects of SIRT1 in this system remains to be elucidated. In addition to its deacetylase activity, SIRT1 may have other effects in IPC related to NAD + consumption. For example, the depletion of NAD + by SIRTs may restrict availability of this co-factor for other enzymes important in IR injury and cardioprotection, including: PARP-1, 55 ALDH2, 56 and mitochondrial complex I (Cx I). 5 The observation that inhibiting Nampt gave similar effects to inhibiting SIRT1 (Figures 4 and 5) , must be tempered with the caveat that Nampt may also regulate NAD + availability for these other enzymes. Interestingly, it has also been shown that AMP-dependent protein kinase, which is activated during IPC, 57 can up-regulate SIRT1 activity by modulating NAD + levels. 58 Overall, it appears reasonable to suggest that these diverse NAD + /NADH-dependent enzymes may cross-talk during stress conditions such as IR injury and IPC. The current study focused on SIRT1, based on both direct evidence for SIRT1 activation in IPC (Figure 2A ) and the effects of a specific SIRT1 inhibitor (Figures 4 and 5 , see Supplementary material online, Figure S8 ). Although the regulation of protein (de)acetylation by other enzymes in IPC has not been investigated, our observation that the Nampt inhibitor FK-866 blocked IPC-mediated deacetylation suggests that this deacetylation is mediated by NAD + -dependent enzymes, most likely the SIRTs. In contrast, the class I/II HDACs are NAD + independent, and inhibitors of these enzymes are cardioprotective, 10,11 implying a deleterious role in IR injury. Given the changes in mitochondrial protein acetylation observed in IPC (see Supplementary material online, Figure S2 ), an intriguing candidate for further investigation is SIRT3. SIRT3 is known to regulate Cx I, 59 which is both required for IPC, 32 and is emerging as an important regulatory enzyme in the context of IR injury. 60 Clearly the development of tools such as inhibitors and specific assays for investigating SIRT3 function will aid in elucidating its role in IPC.
Corollary to investigating the downstream effects of SIRT1, we also investigated its upstream regulation. In contrast to a previous study in porcine myocardium which reported elevation in SIRT1 protein levels in acute IPC, 48 we did not observe any change in SIRT1 protein in either acute or delayed IPC, either in perfused hearts or in vivo.
Thus, it appears that regulation of SIRT1 protein levels in IPC may be species-specific. We did, however, observe that SIRT1 becomes modified by SUMO-1 in IPC, suggesting SUMOylation as a potential upstream mechanism regulating SIRT1 activity in this setting. Notably SUMOylation is known to be up-regulated by IPC in neurons, 47 although this has not been studied in cardiac IPC. One additional possibility is that SIRT1 may be subject to oxidative PTM, as has recently been reported. 61 -63 Furthermore, it has been shown that SIRT1 can translocate to the nucleus under stress conditions such as cardiomyopathy or myocardial infarction, where it may regulate adaptive protein synthesis. 64 However, our results (see Supplementary material online, Figure S4) show that IPC did not trigger such translocation, suggesting that the effects of SIRT1 in IPC are mainly cytosolic.
Although our data show that several proteins were (de)acetylated during IPC, the opposing pathway of acetylation also remains poorly studied in the context of stress. The recent discovery that the acetylCoA required for protein acetylation is primarily derived from ATPcitrate lyase 65 provides a link between the metabolic state of the cell and the regulation of stress signalling.
In summary, herein we demonstrated that IPC is accompanied by cytosolic protein deacetylation, and that inhibition of the protein deacetylase SIRT1 blocks this process, and blocks IPC. The molecular targets of SIRT1 in the cardiomyocyte which mediate this effect, the role of other SIRTs, and the upstream signalling pathways that regulate SIRT1 will be fertile ground for future studies.
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